We operated a Hall sensor using energy harvested from a magnetic wire. A batteryless sensor is expected to be a key device for the Internet of Things. Magnetization reversal in magnetic wires with bistable magnetization states induces a pulse voltage in a pickup coil. The amplitude of the voltage is independent of the applied field frequency, down to zero. This fast magnetization reversal is accompanied by a large Barkhausen jump, which has been known as the Wiegand effect. Electricity generation using this effect, obtained with twisted FeCoV magnetic wires, was studied. The energy obtained as a single pulse voltage was 600 nJ. The Hall sensor operated with this pulse voltage. The pulse power of 0.88 V/1.3 mA was applied to the Hall sensor. The Hall voltage was proportional to the sensing magnetic field of 50-300 mT.
I. INTRODUCTION

M
AGNETIZATION reversal in magnetic wires with bistable magnetization states is accompanied by a large Barkhausen jump, which is known as the Wiegand effect [1] . The fast magnetization reversal induces a pulse voltage in a pickup coil. The amplitude of the voltage is independent of the applied field frequency, down to zero. This phenomenon has been applied in various sensor applications, including rotation sensors and position sensors. Furthermore, Wiegandeffect sensors are normally operated without battery supplies, because they generate a pulse voltage by themselves. Thus, these sensors can be utilized not only as a magnetic sensor generating an output signal, but also as a power-generating device. Recently, integrated circuits powered by energy harvesting from the Wiegand effect have been made commercially available for a multi-turn counter/encoder [2] .
Energy harvesting is attracting much attention for wireless devices, wireless networks, and other applications. These applications are essential for the future technology, realizing the Internet of Things (IoT). In this paper, the batteryless operation of a Hall sensor powered by energy harvesting from the Wiegand effect is discussed. We have reported electricity generation from a vibration-type energy-harvesting element using magnetic wires [3] , [4] . As the pulse voltage induced in a pickup coil is independent of the applied field frequency, a constant output voltage is generated even by a single event of the extremely slow movement of an excitation magnet. It was found that just a 0.6-mm movement of an NdFeB magnet was sufficient to generate an output voltage [4] . The operation of the Hall sensor achieved in this study suggests wide potential applications of the Wiegand effect for batteryless sensors and devices. 
A. Wiegand Effect
The Wiegand effect was initially observed in magnetic wires of NiFe alloys [1] . Vicalloy, with a typical composition of Fe 0.4 Co 0.5 V 0.1 , has been known as the optimum material yielding this effect [5] - [9] , while a large Barkhausen jump in the magnetic bistable FeSiB amorphous wires was also observed [10] , [11] . There have been several publications reporting a Barkhausen jump in magnetic thin films [12] - [15] , but the output voltage is relatively lower [16] than that induced by magnetic wires due to their volume.
B. Magnetic Properties of Twisted FeCoV Wires
The magnetic wires used in this study were twisted Fe 0.4 Co 0.5 V 0.1 wires. The wires exhibited different magnetic properties around their center and near surface regions after twisting. The as-prepared wires after twisting and annealing processes were supplied from Nikkoshi Co. Ltd., Japan. Annealing and torsion stress dependences on the magnetic properties of twisted FeCoV wires were reported in detail in [7] , [8] , and [17] - [19] . Magnetic properties of the FeCoV wires used in this study are essentially the same as those reported in the articles. The wire reveals a uniaxial magnetic anisotropy along the wire direction. When a torsion stress is applied to the wire, the outer shell near the surface becomes magnetically soft, as shown in Fig. 1 . After releasing the stress, the wire exhibits coercive forces of approximately μ 0 H = 2 mT in the soft layer and 8 mT in the hard core. Fig. 1 shows schematics indicating the magnetic structures of the twisted FeCoV wire. Details of the magnetic structure are discussed later.
The magnetization curve (full loop) of the twisted FeCoV wire with a 0.25 mm in diameter and 25 mm in length is shown in Fig. 2(a) . The saturation magnetization of the sample was M s = 1.78 T. Fig. 2(a) also indicates the magnified view of the curve for the applied field μ 0 H ext from −6 to 6 mT. Fig. 2(b) shows the minor loops of the wire traced with an 0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. applied alternating magnetic field of μ 0 H ext = 3, 4, 5, and 6 mT. These magnetization curves shown in Fig. 2 (a) and (b) were measured using a vibration sample magnetometer. A fast magnetization reversal accompanied with a large Barkhausen jump is observed in minor loops in Fig. 2 (b), whereas the magnetization reversal is gradual in the full loop indicated by Fig. 2(a) . The large Barkhausen jump is due to a magnetization reversal of the magnetically soft layer with a lower coercivity. In order to evaluate the magnetic structure along the radial direction, wires of diameters of 0.16-0.25 mm were prepared by etching the outer surface using a FeCl 2 solution. Fig. 3 shows a full loop and minor loops for each sample. The magnetization was normalized by that of the wire with a 0.25 mm in diameter. The minor loop was measured by applying an asymmetric field. The magnetic field with a negative direction was varied from μ 0 H ext = −1, −2, and −3 mT, whereas the positive field was constant at μ 0 H ext = 15 mT. The positive field was enough to almost saturate the hard layer, and the soft and hard layers exhibited parallel alignment. This asymmetric drive field had been used to realize a clear observation of a fast magnetization reversal of the soft layer from the antiparallel to parallel process, against the hard layer [6]- [8] , [18] . As shown in Fig. 3 , the volume of the part of the wire exhibiting the fast magnetization reversal at around μ 0 H ext = 2 mT is reduced by decreasing the diameter. This indicates that the etched region near the surface is responsible for the fast magnetization reversal. The magnetization curves corresponding to the hard layer (μ 0 H ext > 5 mT) were almost constant independent of the diameter. These results suggest that the outer shell layer is magnetically soft with a lower coercivity, and is also responsible for the Barkhausen jump [7] , [8] , [17] . This suggestion does not agree with the descriptions in some articles that indicate that FeCoV wires have a soft inner core and a hard outer layer, similar to NiFe wires [6] , [9] . The volume ratio of the soft layer exhibiting the fast magnetization reversal was calculated to 23% at a maximum from Fig. 3 , which corresponded to the soft later thickness of approximately 0.03 mm, as shown in Fig. 1 .
We had studied the effect of removing the outer layer at both ends by etching, in order to reduce the demagnetizing field and magnetostatic coupling in FeCoV wires [20] . The fast magnetization of the reversal of the magnetically soft region was strongly affected by the surface of the wire, which also suggested the soft shell layer with a lower coercivity. This was an open-circuit and non-load voltage. The drive field was a symmetric alternating field with μ 0 H ext = 2, 3, 4, 5, and 6 mT. A fast magnetization reversal was not observed for μ 0 H ext = 2 mT. The pulse voltage was induced when the soft layer was reversed with a Barkhausen jump. The full width at the half maximum of the pulse was approximately 20 μs, which was independent of the drive field intensity. The output voltage was independent of the drive field frequency, down to 1 Hz [20] . As indicated in Table I , this feature regarding the constant pulse voltage is not achieved by the Hall sensor, magnetoresistance effect sensor, or electromagnetic inductiontype sensor.
C. Induced Pulse Voltage From Twisted FeCoV Wires
The amplitude of the voltage was increased by increasing the drive field intensity, as indicated by Fig. 4(b) . The drive field frequency was lower than 1 Hz in this measurement. Fig. 4(b) shows both of the positive and negative voltages corresponding to the parallel and antiparallel processes of the magnetization reversal of the soft layer against the hard core. The increase in the voltage is attributed to the increase of the volume of the reversed soft layer. We measured the velocity of the domain wall propagation during the Barkhausen jump. It was approximately 500 m/s, which was independent of the drive field intensity [21] .
III. BATTERYLESS HALL SENSOR OPERATED BY A WIEGAND PULSE A. Energy Harvesting From Twisted FeCoV Wires
The use of pulse voltages from twisted FeCoV wires not only for signal generation as a sensing element, but also for electricity generation for operating devices, has been previously considered [22] . We prepared bundled wires to enhance the generated power [23] , [24] . The output pulse induced from the bundle of 150 FeCoV wires was 4 V for 1.2 ms.
Electricity generation using environmental energy or ambient energy, known as energy harvesting, is a promising technique for supplying power to wireless devices and wireless networks. Vibration-type energy-generating elements, which convert vibration to electricity, mostly have their own eigen frequency or resonant frequency [25] , [26] . Vibration at frequency ranges other than the specific frequency generally results in a decrease in the electricity generation efficiency. Electricity generation from a vibration-type energy-harvesting element using a FeCoV wire was studied [3] , [27] . The specific feature of the Wiegand effect can be more advantageous in applications detecting a single event of substantial movement or motion with extremely low speed.
In order to repeat the generation of a pulse voltage, an alternating magnetic field must be applied to the wire. Typically, rotation of a pair of magnets or a single magnet is used, as shown in Fig. 5(a) and (b) . An alternating magnetic field parallel to the wire direction is applied by the pair of magnets shown in Fig. 5(a) . The method of rotating a single magnet shown in Fig. 5(b) is used for a counter/encoder application. It has been also found that a movement of a single magnet is capable of an excitation field of both the positive and negative directions to the wire [27] , [28] . This excitation method using a single magnet shown in Fig. 5(c) is useful in vibration-type electricity generation or other applications.
B. Electricity Generation From Twisted FeCoV Wires
The voltage drop across the load resistor R L connected in series with the pickup coil wound around the twisted FeCoV wire was measured, as shown in Fig. 6(a) . A pickup coil of 3000 turns was wound around a twisted FeCoV wire, which was 0.25 mm in diameter and 20 mm in long. In order to switch the magnetization of the wire, a pair of NdFeB magnets of 3×3×5 mm 3 (a magnetization direction of 5 mm) were rotated, as shown in Fig. 5(a) . By adjusting the distance between the wire and magnet, the magnetic field applied to the wire was set at μ 0 H = 6 mT. The voltage drop across the load resistor R L was measured by varying its resistance. As shown in Fig. 6(a) , the voltage drop V R which was increased by increasing the resistance, saturated at around R L = 1 M . This saturated value of V R≈ 3.1 V is equivalent to the Wiegand pulse voltage, which was measured as its open-circuit voltage. Fig. 6(b) shows the energy consumption in the resistor R L calculated by the time integral of I 2 R R L . Maximum energy consumption of approximately 600 nJ was recorded at R L = 200 , which was almost similar to the dc resistance (171 ) of the pickup coil. This slight difference in resistance matching presumably arises from the inductance of the pickup coil.
C. Operation of Hall Sensor by Wiegand Pulse
This Wiegand pulse voltage was applied to a Hall sensor (THS119, Toshiba) through the connected rectifying diodes and resistor R L , as shown in Fig. 7 . Considering the possibility of energy harvesting from both the positive and negative pulse voltages, a full-wave rectifier consisting of four Schottky barrier diodes (forward voltage drop, V F = 0.5 V at 1 A) was used. The internal resistance and other specifications of the Hall sensor are listed in Table II . The resistance of R L = 680 , which was equivalent to the internal resistance (input) of the Hall sensor, was connected in series as an assumed resistance from additional circuit elements. Fig. 8 shows the waveforms of the voltage drop across R L , which was essentially the same as that applied to the Hall sensor. During the measurement, a static magnetic field of B in = 50-300 mT was applied to the Hall sensor, as the sensing magnetic field. It was confirmed that a constant Wiegand pulse voltage of 0.88 V was applied to the Hall sensor, independent of the sensing field. At half maximum, the full width of the pulse was 29 μs. This is longer than that measured at the open-circuit voltage shown in Fig. 4(a) , which is due to the response of the LR circuit with diodes. Fig. 9(a) shows the waveforms of the Hall voltage operated by a single Wiegand pulse. The peak values of these Hall voltages pulses are plotted as a function of the sensing field intensity, as shown in Fig. 9(b) . The Hall voltage was proportional to the sensing field applied to the Hall sensor. Fig. 9 (b) also shows the Hall voltage measured conventionally with the dc bias current. It was found that the Wiegand pulse voltage supplied a pulse current of 1.3 mA to the Hall sensor. The sensitivity (161 mV/mA·T) of the sensing magnetic field agreed well with the specification of the Hall sensor, and can be changed by varying the parameters of the Hall sensor.
The method of energy utilization studied here is categorized as one-shot energy harvesting. A battery charging using a capacitor is also a practical method for the applications of energy harvesting from the Wiegand effect [29] .
IV. CONCLUSION
The operation of a Hall sensor with the electricity generated from the magnetization reversal of a magnetic wire is demonstrated in this paper. The energy obtained from a single Wiegand pulse during the magnetization reversal of the twisted FeCoV wire was approximately 600 nJ. Understanding the fundamental properties of the magnetization curves, magnetic structure of the wire, and induced pulse voltage in a pickup coil are significant in order to improve the generated energy. As a constant output voltage is generated even by a single event of extremely slow movement of an excitation magnet, this method of energy harvesting is useful not only for vibrationtype generators, but also for the future technologies that can be utilized for the IoT. The successful operation of the Hall sensor achieved in this study suggests a wide potential for the application of the Wiegand pulse for batteryless sensors and devices.
